The rapid global increase in benthic foraminiferal δ 18 O in the early Oligocene (~33.6 Ma) has been taken to imply the first appearance of large, permanent ice sheets on Antarctica, possibly coupled to deep sea cooling and/or Northern Hemisphere ice growth. This oxygen isotope shift is accompanied by a reorganization of the global carbon cycle, identified by a δ 13 C increase that slightly lags the glacially-mediated δ 18 O transition. Here, we present a new record of the early Oligocene climate transition from the subtropical South Atlantic Ocean. To investigate climatic and carbon cycle variability in the transition from the early Paleogene "greenhouse" into the Oligocene "icehouse" world, we have developed carbonate content, coarse fraction, and benthic foraminiferal carbon and oxygen stable isotope records for the earliest Oligocene at Ocean Drilling Program (ODP) Site 1263. These records represent the highestresolution reconstruction of the Eocene/Oligocene from the Atlantic basin to date, and provide us with a unique opportunity to investigate the fine-scale interplay of glaciation and the global carbon cycle.
Introduction
Punctuated by the rapid development of permanent Antarctic ice sheets, the unidirectional transition from early Eocene "greenhouse" to early Oligocene "icehouse" is the most fundamental reorganization of global climate in the Cenozoic. Both coupled general circulation model investigations (e.g. DeConto and Pollard, 2003) and recent reconstructions of atmospheric carbon dioxide concentrations (Pagani et al., 2005) implicate climate sensitivity to declining pCO 2 as a crucial factor in pushing the planet across a threshold into a state of permanent glaciation from which it has not since returned.
The δ 18 O composition of benthic foraminifera is sensitive to both global ice volume and deep sea temperature. Existing marine records from the Atlantic, Pacific, and Southern oceans consistently document a >1‰ increase in δ 18 O across the Eocene/Oligocene (E/O) transition (Coxall et al., 2005; Zachos et al., 1996) . While the majority of this isotopic enrichment has been attributed to the initiation of major, continentscale glaciation on Antarctica, the magnitude of the excursion is too large to result from ice growth alone. Although Mg/Ca-based temperature reconstructions have not identified benthic cooling concurrent with this major increase in Antarctic glaciation (Lear et al., 2000) , some degree of deep cooling and/or ice growth in the Northern Hemisphere must be invoked to account for the full δ
18
O excursion (Coxall et al.,2005; Eldrett et al., 2007) . Refining our understanding of the nature of this transition as well as its influence on the carbon cycle sheds critical light on the complex interactions inherent in our climate system.
Leg 208, Site 1263
ODP Leg 208 recovered the E/O transition at five subtropical South Atlantic sites on the northwest flank of Walvis Ridge along a 2 km depth transect. Shipboard measurements of optical lightness (L*) and magnetic susceptibility at the deepest sites (Site 1262, 4755 m; Site 1267, 4355 m) mark the distinct and rapid transition from brown clay to carbonate-rich sediment that accompanies a sudden deepening of the calcite compensation depth (CCD) and increase in carbonate preservation in the early Oligocene Liu et al., 2004; Coxall et al., 2005) . At the shallower sites (Site 1263, 2717 m; Site 1265, 3060 m), the transition from clay-bearing to carbonate sediment occurs gradually and reflects the position of these sites well above the lysocline in the latest Eocene. These shipboard physical properties measurements place the lysocline between sites 1267 and 1266 (3798 m) prior to the CCD deepening.
Situated at the cusp of the Walvis Ridge and well above the latest Eocene lysocline, Site 1263 (28°31.98'S, 2°46.77'E; 2100 m E/O paleodepth) recovered an E/O section unaffected by dissolution and reworking, with high mass accumulation rates (> 2x Site 1265 MAR) and linear sedimentation rates of ~15 m/m.y. . As a result, Site 1263 provides the highest resolution Atlantic sequence to date for investigating the influence of orbital pacing on the initial Oligocene glaciation (Oi-1) event and attendant changes in the global carbon cycle.
Materials and methods
The Eocene/Oligocene transition interval at Site 1263 was recovered by Advanced Piston Coring (APC) from two holes offset from each other by ~20 m. Holes 1263A and 1263B were aligned based on magnetic susceptibility profiles and representative sections were depth-shifted and spliced to obtain a composite section with 100% recovery; where reported, meters composite depth (mcd) is derived from this composite shipboard splice .
Ten-cc samples were collected at 5 cm intervals from the shipboard splice spanning latest Eocene and early Oligocene times. Following the shipboard age model of Zachos et al. (2004) , each 2-cm wide sample amalgamates between 1.6 and 2.4 kyr of accumulation with an average sampling interval of ~5 kyr. This sample spacing is the minimum interval sufficient to resolve the influence of the 19-and 23-kyr precessional cycles on ice volume, benthic temperature, and carbon cycle fluctuations.
Age model
The very soft nannofossil ooze at Site 1263 does not preserve a clean magnetic signal, precluding the development of a well-constrained paleomagnetic stratigraphy. As a result, significant post-cruise refinements have not been made to the Site 1263 age control. Using the seven age/depth points comprising the shipboard chronology for the latest Eocene and earliest Oligocene, we have applied a second-order polynomial regression to generate our age model (Fig.  1) . These age control points result from interpolation between calcareous nannofossil and planktonic foraminifer datums and a partial resolution of the C13n magnetochron. Calcareous nannofossil biostratigraphy follows the mid-to low latitude nannofossil assemblage zonal scheme of Bukry (1973 Bukry ( , 1975 with additional CN and CP zonal code notation after Okada and Bukry (1980) . The planktonic foraminiferal zonal scheme follows Berggren et al. (1995) . Magnetostratigraphic chron boundary ages follow Cande and Kent (1995) . Because the age model is largely reliant on biostratigraphy, Site 1263 has a less robust chronology than high-resolution E/O isotope reconstructions with orbitally tuned age models (i.e. Coxall et al., 2005) . Duration-and rate-dependent relationships are presented within this framework, and while age-based observations should be considered relative rather than absolute, they are nevertheless internally robust.
Coarse fraction and wt. % CaCO 3 determination Approximately 10 g of wet sample was disaggregated in a 1% solution of sodium hexametaphosphate and deionized water buffered to pH ~9.5 with NH 3 OH, then wet-sieved over a 63-µm sieve. Coarse and fine fractions were collected, dried in a hood, and weighed. Wt% sand fraction was calculated by dividing coarse fraction weight by the combined weight of coarse and fine fractions.
Most high-precision carbonate analyses of dried, homogenized bulk sediments were performed using a UIC Inc. Coulometrics Model 5011 CO 2 coulometer coupled to a Model CM5130 acidification module. For each analysis, 3-5 mg of dry crushed sediment was reacted in 3 ml of hot 12% phosphoric acid, using grade 4.8 N 2 carrier gas at a flow rate of 80-100 ml/minute. A small number of analyses were performed using a UIC Inc. Coulometrics Model CM5014 coulometer coupled to a Model CM5240 TIC autoanalyzer. Method precision using the manual acidification module is generally better than ±0.2%, although a small number of replicate values differ by up to 0.6%. Inter-method precision on this suite of samples is better than ±0.8%. Statistical analysis of δ δ δ δ
C, and CaCO 3 time series
Visual inspection of the CaCO 3 and δ 13 C time series suggests the presence of periodic variability following the establishment of post-Oi-1 "stable" Oligocene glaciation. Frequency domain time series analysis included both multi-taper method (MTM) power spectra and wavelet spectra to identify the significant frequencies present and how they vary in time. We found that using a resampled time series with a constant time step of 3.5 kyr minimized leakage of spectral energy into harmonics while preserving the variance in the power spectrum. To facilitate comparison between the frequency domain analyses of the δ 13 C and CaCO 3 time series, we converted each series to units of standard deviation (std units). Both series display long-term non-periodic variations on time scales longer than 200 kyr; in order to focus on and isolate the orbital scale variability, we calculated and subtracted the first three reconstructed Singular Spectrum Analysis (SSA) components from the normalized time series using the SSA Toolkit (Ghil et al., 2002; Dettinger et al., 1995) and recalculated the MTM power spectra. Wavelet power spectra (Torrence and Compo, 1998) were calculated for both normalized and differenced time series, using a Morlet wavelet and a lag-1 autocorrelation coefficient of 0.53 for CaCO 3 and 0.35 for δ 13 C.
Results

Benthic δ
18 O and δ 13 C, weight % CaCO 3 , % sand (>63 µm), and magnetic susceptibility measurements are plotted against meters composite depth (mcd) for the early Oligocene interval of the Site 1263 multi-hole splice (Fig.  2) . Agreement between the Site 1263 δ
18
O profile and 1) earlier benthic oxygen stable isotope reconstructions from Site 522 in the Atlantic and Site 744 in the Indian sector of the Southern Ocean, and 2) the global compilation of Zachos et al. (2001) suggests that Site 1263 preserves the interval at high resolution, from the ice-free earliest Oligocene through the Oi-1 transient into a moderate stable Oligocene glacial state. However, the high-resolution Site 1263 record does not reproduce the stepwise character of the transition recently identified from Site 1218 in the tropical Pacific (Coxall et al., 2005 O increases to an Oi-1 maximum of ~2.6‰ over ~1.3 m, but like others from the Atlantic, the record at this site does not show the two shifts in δ 18 O characteristic of the stepwise onset of Antarctic glaciation and contemporaneous benthic cooling in the Pacific (Coxall et al., 2005) . In addition, the Site 1263 δ 18 O record exhibits significant high-magnitude variability during the Oi-1 interval that has not previously been observed. Following the transition into Oi-1, δ
18 O values remain high for ~4.4 m, to 88.79 mcd. It is not possible to distinguish Oi-1a and Oi-1b, the two discrete peaks commonly identified in early Oligocene isotope reconstructions (e.g. Zachos et al., 1996) including Leg 208 site 1262 (Liu et al., 2004) . After the Oi-1 isotope maximum, δ 18 O settles to more "stable" glacial average values of ~2.2‰. δ 13 C also increases significantly across the Oi-1 transition. From an average value of 0.2‰ at the base of the record, δ Benthic foraminifer stable isotope data, wt % CaCO3, % sand fraction, and shipboard magnetic susceptibility from the Site 1263 shipboard composite stratigraphic splice, plotted against meters composite depth. All replicate Oridorsalis umbonatus data plotted as x's. Narrow yellow envelope (~95 mcd) encompasses a transient % CaCO 3 maximum prior to the initiation of the Oligocene glacial interval (see text); broad yellow envelope (~89-93) encompasses the Oi-1 interval at this site.
CaCO 3 content, sand fraction, and magnetic susceptibility
The wt. % CaCO 3 record at Site 1263 extends below the base of the benthic foraminiferal isotope record (Fig.  3A) . Bulk sediment wt. % CaCO 3 fluctuates around ~93% for much of the record. One notable feature in the carbonate profile is a transient 20 cm increase at 95.04 mcd (to a maximum of ~96%), just prior to the initiation of the Oi-1 δ 18 O excursion, accompanied by decreases in percent sand fraction and magnetic susceptibility (Fig. 2) . This abrupt increase is followed immediately by a decrease to a minimum of ~88% at 94.44 mcd, with a second pulse of low CaCO 3 (~90.5%) at 93.74 mcd. Both of these low carbonate pulses are accompanied by increases in magnetic susceptibility, and are restricted in duration to the δ 18 O transition interval (Fig. 2) . The Site 1263 percent sand fraction (% >63 µm by weight) is composed primarily of planktonic foraminifera, with a secondary contribution from benthic foraminifera; fine fraction is overwhelmingly composed of calcareous nannofossils. Coarse fraction concentrations at the base of the isotope record are greater than 2%, decreasing gradually to ~1% around 92.99 mcd, then increasing to a section maximum of nearly 6% at 87.67 mcd. Following this maximum, concentrations decrease again to ~1.5% at 85.72 mcd before increasing to ~4.5% at the top of the isotope record. The Site 1263 coarse fraction record reproduces the structure of the sand fraction profile from nearby abyssal Site 522 (Angola Basin) to a surprising degree, suggesting regional rather than local control.
Discussion
The transition from Eocene "greenhouse" conditions into Oligocene glaciation is the most fundamental reorganization of the global climate system in the Cenozoic (Zachos et al., 2001 ). The δ 18 O, δ 13 C, wt. % CaCO 3 , and % sand records developed from the early Oligocene section at Site 1263 are the first records from the Atlantic with sufficiently high resolution to examine the detailed relationships between the initiation of Antarctic glaciation, circulation, and the global carbon cycle.
A brief but pronounced increase in wt. % CaCO 3 directly precedes the initiation of ice growth as recorded in Site 1263 δ 18 O; this transient maximum is immediately followed by a rapid reversal into an interval of low carbonate concentration (Fig. 3B) . Although a unidirectional increase in % CaCO 3 accompanies the initiation of glacial conditions at most Leg 208 sites (Liu et al., 2004; Zachos et al., 2004) , carbonate content at Site 1263 remains below the background average for the duration of the transition into Oi-1. Because carbonate accumulation is sensitive to a variety of local factors such as surface productivity, dissolution, and dilution by noncarbonate sediment, this pre-glaciation transient carbonate maximum likely represents a local signal. However a moderate-resolution % CaCO 3 record from Kerguelen Plateau Site 744, which has similar E/O paleodepth to Site 1263, exhibits a similar increase immediately prior to the interval of enhanced biogenic opal accumulation that accompanies the initiation of glaciation (Salamy and Zachos, 1999) . Many existing % CaCO 3 records from E/O ODP and DSDP material are not of sufficient resolution to identify the presence or absence of a similar event, but it may be worthwhile to seek an appropriate shallow, high-resolution Pacific section and to calculate carbonate mass accumulation rates to further investigate the possible extent of this transient. δ 18 O at the Oi-1 transition records a gradual onset of Antarctic glaciation followed by a rapid acceleration of ice growth and subsequent relaxation into a more stable state. In fact, this first Oligocene glacial event, characterized as an overshoot of Antarctic ice growth beyond a glacial equilibrium climate state and into an extreme state of unusually deep glaciation, may have been characterized by near-present day Antarctic ice volume (Coxall et al., 2005; Zachos and Kump, 2005) . Based on the shipboard age model, the gradual δ 18 O increase at Site 1263 begins around 33.77 Ma (Fig. 3B) . The initial phase of the transition takes place at a moderate pace, with about 0.5‰ of the total 1.2‰ increase occurring over approximately 100 kyr. The rate of increase (and by association, the rate of glaciation) then accelerates significantly, so that the later 0.7‰ of the transition occurs within less than 30 kyr. The pattern of ice accumulation inferred by this two-part transition supports the hypothesis that hysteresis associated with ice-sheet height mass balance feedbacks, in combination with declining pCO 2 and high-frequency orbital variability, influences the pacing of Oligocene ice growth (Pollard and DeConto, 2005) .
The Site 1263 benthic δ 18 O profile nicely reproduces earlier Atlantic and South Indian transition interval reconstructions (e.g. Zachos et. al., 1996) , however all of these differ significantly from the very high resolution tropical Pacific record from Site 1218 (Coxall et al., 2005) . A possible explanation for this difference may involve the onset of North Atlantic Deep Water (NADW) formation in the early Oligocene (Davies et al., 2001) . A recent Nd isotope reconstruction of deep-water mass evolution by Via and Thomas (2006) (Salamy and Zachos, 1999; Zachos and Kump, 2005) , and <10 kyr at Equatorial Pacific site 1218 (Coxall et al., 2005) . At Site 1263, however, this lag is significantly longer. In this section, Oi-1 glaciation appears to be fully established before the initiation of 13 C enrichment, suggesting a lag of >90 kyr between initiation of δ 18 O and δ 13 C increases. This disparity between our record and other established reconstructions may result in part from uncertainty in our age model. However, an additional explanation will be necessary to reconcile such a significant difference. It is possible, for instance, that a unique intermediate water mass buffered Site 1263 from the global carbon isotopic increase during the transition, although current reconstructions are not of sufficient resolution to test this hypothesis.
Following the extreme, transient Oi-1 glaciation, Oligocene climate settled into a more moderate and stable glacial mode. Site 1263 δ 13 C is periodically variable across the unstable Oi-1 overshoot, implying orbital pacing. Furthermore, distinct periods of variance in CaCO 3 and δ 13 C in the stable Oligocene glacial interval following Oi-1 (Fig. 2C) are evident by visual inspection, with higher-frequency periodicity in the δ 13 C record and lower-frequency periodicity in the CaCO 3 record. The limits of our age model preclude decisive assignment of orbital periodicities to the observed variability, but comparison of wavelet spectra for δ 13 C and CaCO 3 (Fig.  4) identifies primary features that may reflect orbital variability. In the carbon isotope record; two intervals of high frequency (~30 kyr) variability centered around 33 Ma exceed the 95% significance level and are also identifiable in the normalized time series; a third lowerfrequency interval spans the Oi-1. The carbonate time series exhibits two discontinuous intervals of lower- Figure 4 . Wt. % CaCO 3 and δ 13 C time series and calculated wavelet power spectra. A.) δ 13 C time series, sampled at 3500 yrs and normalized to unit variance. B.) δ 13 C continuous wavelet transform, calculated using a Morlet wavelet from an algorithm by Torrence and Compo (1999) . Variance is plotted as a function of both time and period; the heavy dark line surrounds regions of variance that exceed the 95% confidence level for a red noise (AR1) process using a lag-1 autocorrelation of 0.35. The convex curve at the base of the plot outlines the cone of influence; variance plotted below this line has been reduced due to the wavelet reaching the end of the finite time series. C.) CaCO 3 continuous wavelet transform, calculated as above using a lag-1 autocorrelation of 0.53. D.) CaCO3 time series, sampled at 3500 yrs and normalized to unit variance. frequency variance at ~50 kyr. The first is centered at 33.8 Ma and the second at 32.8 Ma; there is very little coherence in the CaCO 3 record in the interval spanning the primary Oi-1 transition and intense glaciation.
It is clear that these two records are responding to different periodic forcing mechanisms during the early Oligocene. Numerous records identify enhanced Southern Ocean primary productivity accompanying the development of a stable Oligocene Antarctic Ice Sheet (e.g. Diester-Haas, 1995; Nilsen et al., 2003) . We propose that longer-frequency variations in CaCO 3 content reflect local accumulation and dissolution processes, while the cyclic variations in carbon isotopes record the development of a high-latitude productivity regime at the heart of the Oligocene global carbon cycle.We further suggest that the apparent 30 kyr and 50 kyr variance periods in carbon isotopes and %CaCO 3 respectively may in fact be representative of the 21 or 23 kyr precessional and 41 kyr obliquity signals. Tuning Site 1263 to these orbital frequencies would compress the age model by ~25%, correcting a portion of the anomalously long lag between the Oi-1 δ 18 O and δ 13 C transitions and facilitating further comparison between Site 1263 and other E/O climate records.
Summary
Site 1263 provides the highest-resolution record of the E/O climate transition from the Atlantic Ocean to date. The δ 18 O of O. umbonatus at Site 1263 faithfully reproduces the structure identified at other Atlantic sites but differs from Pacific Site 1218, perhaps suggesting the variable influence of changes in deep water-mass circulation. The pattern of ice accumulation inferred by the gradual-to-rapid transition into Oi-1 supports the influence of hysteresis in the pacing of Oligocene ice growth. Clearly, Atlantic and Pacific high-resolution reconstructions of circulation, in addition to temperature and ice volume, will be necessary to further constrain potential forcings and responses during this important interval of global reorganization.
